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ABSTRACT

The persistence of the .free expansién of the detonation products of a
high altitude detonation is determined by the sum of the stresses of the en-
vironment. Below 200 km the classical dynamic-friction with the air couples
the detonation products to'.a very much larger mass of air. Above this alti-
'tu;ie more uncertain plasma phenomena. qf magnetic and electrostatic shocks
.must be considered to determine this coupling. If a cubic scale height of air
is raised to a femperature such that its sound speed is greater tha.n escape
velocity, it jets upward, and the ionized fraction is stopped and mixed un-
stably with the earth's magnetic field. The subsequent expansion along the
field lines deposits the major fraction of the debris at the opposite conjugate
point. The B decay in transit on the various L surfaces reached by unstable
mixing de.’cerrﬁines the high energy electron injection into trapped orbits. For
the Starfish event (1.4 megatons at 400 km) theoryApredicts that the detonation
products and a cubic scale height of air expands upwards until stopped by the
earth's field at 1000 km. In addition one expects the deposition of the dehris
in the atmosphere at the southern conjugate point at 250 km. altitude dis-
persed over 300 km due to magnetic field mixing. Approximately 5% 8 injec-

tion into trapped orbits of L > 1.3 'is,expécted.
I ~iii-
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The Phenomenology of the Mass Motion of

a High Altitude Nuclear Explosion™

Stirling. A. Colgate

Lawrence Radiation Laboratory, University of California

Livermore, California

May 13, 1963

The initial mass-motion of a nuclear explosion is, of course, governed
by the hydfodynamics .of the iree expansion of the detonation products; how -
ever, the subsequent persistence of this motion is determined by the sum of
the stresses of the environment. At a high endugh altitude the expanding
detonation products may encounter less than an equivalent mass of air and a
free expansioﬁ will take place until some additional stress, as, for instance,

magnetic field, becomes dominant.

ATMOSPHERE DOMINATED EXPANSION

The pertinent question that separates the behavior of the free expansion
from that governed by environmental density is: at what altitude will the
integral mass of air above the explosion that 'collides' with the detonation
products be greater than the mass of the produc‘ts ? Since the atmospheric
density near the earth varies exponentially with height, the supersonic
momentum-conserving expanéion for a snowplow-type shock has a velocity

distribution

) uOM )
() = ——2 (1)
| M+ g 41rp'(9)r2 dr ‘
0 !

*Work done under the auspices of the U. S. Atomic Energy Commission.
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where
R = radius of expansion
= mass of detonation products
u, = initial mean expansion velocity
= angle with respect to the vertical
and ‘
p(8) = pye”(F <05 O/ ' (2)
where

h = scale height of the atmosphere

atmospheric density (in g/cc) at the detonation point.

Po

The shape of this shock front at some later time t is
t
R(B) = g u(f) dt. ' (3)
0 : ,
If we look «l Llis shapc aftcr a time long enough so that R(A = 0) > h
and concern ourselves with cases where the total grams per cmd of air is
large campared to the detonation product mass at a radius large compared to

h, namely,
gR—’ ® 2 _r/n

4tr p. € dr = M, ' (4)
0 U .

then the radial distribution becomes, Fig. |

R(6H,t) - u LM—PQSQ for 1 - cos 6 <—-ll—— . (5)
0 3 R(0)
8wh Po ‘

This distribution is based upon the assumption that the detonation
products 'sweep up' the air ahead in a 'snowplow' fashion, i.e., a strong
shock with the adiabafic Y — 1. If, on the other hand, the detonation products
could interpenetrate the ambient air with negligiﬁle interaction, then very

obviously the free expansion approximation would apply.
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DETONATION PRODUCT-AIR INTERACTION

Three interaction mechanisms between the detonation pfoducts and the
air will be considered: (1) the Coulomb collision dynamic friction (both ion-
ion and xion-electron), (2) magnetic shocks, and (3) electrostatic shocké.

Each of these interactions depends upon the initial fractional ionization
qf the air. Two processes for ionizing the air are evident: first, the pulse of
X rays will give an initial partial ionization, and second, each of the above
‘mechanisms of interaction will lead to electron heating -and subsequent
ionization. The energy required for complete ionization represents a small
fractioﬁal coupling for any of the above three mechanisms since the energy to
‘be exchanged is very large compared to ionization potentials. In those cases
where thé ix;itial condition for strong interaction requires a modest fractional
ionization the X-ray pulse will satisfy this condition.

From Eq. (5), the effective path in which interaction must take place is
approximately h. The flux of l-kev X rays from a nominal 1 megaton of

l-kev X rays at a distance h, assuming small attenuation, is

b = WB/WX41T(11)2 -gx10!° quanta/cmz . (6)
where
WB = 1 megaton
W_ =1 kev
X
h = scale height = 50 km.

For a mean absorption coefficient of l=kev X rays in nitrogen and

/s
oxygen of ¢ = 5 X 10—20_ cm2 the available energy per atom becomes

W = ¢oW =4 ev.
a X
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The energy invested per ion pair is usually 32 ev, and considering
that the réc-ombination time at the altitudes in question is longer than the
delay for the arrival of the detonation products At = h/uo ~ 0.015 sec, then
a fractional ionization of 12% or greater should exist as é minimum initiation

level for any of the strong interaction mechanisms.

COLLISIONAL DYNAMIC FRICTION

The dynamic.é,l friction of a test ion slowing down in a pla.‘sma.ha.s heen
treated in detail by Kranzer [Kranzer, 1961 ],' who confirms the slowing dowﬁ
appvroximation of Spitzer [SEitzer, 1962 ]. The dynamic friction on a test ion
can be separated into two parts — that due to collisions with ions and that due
to céllisions with electrons. The electron temperature is a controlling fac-
tor for the electron dynamic friction, because it governs both the thermal- ‘
ization time and the charge state of the ions. (The usual pickup and loss
dynamic friction for heavy ions passing through neutral matter is smaller
than the free electfon friction for electron temperatures > 5 cv.)

The critical region for determining interaction is that region a scale
height from the detonation where the produgts arrive essentially noninteracted
with a velocity Uy and sprgad in time 'h/uo seconds. The maximum heating

rate then becomeas

me Z
. Nz §f Mgg /2

dw _ . Z erg/cc' sec - (7)

dt '
mel/z(kTe)3/2/Tre4neZZInA

where NZ in the number density of thc detonalion products, MZ its atomic
{ ' ’ o

mass, Z its charge, and n_ the plasma electron density.
The loss rate of energy from the plasma will be entirely by line emis-

sion (bremsstrahlung being negligible). An approxirnation to this loss rate

L]
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can be made according to Post [Post, 1961] and an independent evaluation of

the Model C Stellarator impurity radiation loss rate [Hoffman et al., 1962 ]

can be made by assuming that each atom which is not stripped below three
electrons has an allowed level 10 ev above the ground state with an excitation

. -16 2 . s .
cross section o = 10 cm . This gives rise to a loss rate

dW/dt

n

OneO'(kT/Zm)l/Zhv ' ' (8)

‘nOZ Z(kT/Zm)l/2 10"15 ev/cc- sec.

'Anapproxifnation to the ionization state Z can again be made from the
work of Post as
.z__le/ng'r < 50 ev = | (9)
and

o 1/2
n_ = Zn0 = noT

Letting,AZ =50 and

N, = 10® x 6 x 1023/AZ x 4rh> = 8 x 10%/cc;

then, equating heating and loss rates, one obtains

2 m :
2N (M u /2——)
Z\"z0""M, 2. 1/2(kT\/2 -15
1/2 3/2, 4 ..3/2 = T " gm) X 10
m (kT )’/ /re n.T ini
e 07 e
or T=6%x 10" '/a, ev, for 1.2x10'% < n < 1.2x 10'L, (10)

For densitit'es greater than 1.2 X 10“/09 the approximations (8) for the
resonant radiation loss rété and (9) for the effective Z of time bomb material
break down. Since the reéonan’c-state energy is lQ ev, temperatures below
5 ev give rise to an exponentially reduced radiated power, effectively es-
tablishing .a lower limit to the electron temperature of ~5 -ev;_ 'In addition,

the pickup and loss cross sections of the detonation products traversing
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neutral matter at 3 X ‘108 cm/sec establish.a - minimum effective Z of

)

approxirﬁately 2.

At the critical air density, below which there is no interaction,. the

dynamic friction must be sufficiently large to slow down the detonation
products ions in a time t = h/uo. Therefore
M mel/2 (1<Te)3/2

Z
h/u = -
oo Me ve4n022"!2nA

5€cC.

Using.Eq. (9) for n_ and 2%, and u, =3 X 108 cm/sec and b = 5
. .
X 10 cm, then

M mel /2 (k)s/z

1.6 % 1072 =.—2 T where gn A= 15.
. e e n. /n A
0
Then
n, = 1X loll/cc.

(11)

'The nuclear Coulomb scattering griterion for detonation pfoducto air

interaction requires-a still higher density:

M 6x 10719 2227

n,hoe = ———Z = 3 o 1 4 2

= === 3, & = cm .
v ¢ ‘Mair ¢ M Z‘/2,

air 70 )
For u, = 3.X 108 cm/sec, o= 6.X 10-19 cmz

, 2 ‘ 2
.Zl = 50, Z.,° = 600

no = 1.6 X 1013'/(:(:.-

Thus the electron dynamic friction is considerably larger than the nuclear

Coulomb scattering.

(12)
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MAGNETIC SHOCK INTERACTION

The strong interaction by means of a magnetic sheck wave depends
‘upon the moementum stress of the detonation preducts compressing.and moving
the ambient ionized air. If \ive ﬁrst neglect the presence of the ionized air
and ask how the detonation products interact with the field alone, then the
simple concept of the ionized detonation products blowing a diamagnetic hole
in the magnetic field is valid. In general, the hole Qvill expand until the work
done against ’;he' fiela equals the kinetic eﬁergy of the detonation products.

That is,

4/3 ‘n'R;3 B2/81r =4 X 1022 erg

R = 108 cm-for B = 0.3 gauss. (13)
The thickness of the boundary X between the diamagnetic sphere of expanding
ionized detonation proeducts and the magnetic field is described by the 'M

theory' of Rosenbluth [Rosenbluth, 1957]:

X = (ch/STr nez)l/2 ' (14)

where m = electron mass, and

n = number density of electrons associated with detonation
products at the bounda;y.

Since the field can move 'ét the veiocity of light, and the detonation
produ'cts move very much more slowly, there will be a low densify front
where the momentum. stress equals the fieid pressure. This is the condition
for which the above thickness 1s derived. The physical description of such a.
layer is that the ions iaeﬁetrate a distance X into the field with negligible
interaction, but the electrons associated with the ions cannot penetrate the

field as far because of their smaller Larmor radius. The resulting charge-

separation electric field decelerates the ions and causes.a transverse drift
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of the electrons. This electron drift gives rise to a current which is just
the diamagnetic current bounding the field from the diamagnetic hole.
For the case of expanding detonation products at a distance h spread

out in time h/uo, the maximum magnetic field interaction distance X becomes;
' 2 2
X = 2500 cm, where n M_u, /2 = B"/8n

n = 104 for B = 0.5 gauss.

This then becomes the maximum length that the detonation products can
penetrate the plasma unless an instabilityt.akes place which causes a break-
down of the layer. There are two types of instability that can allow the
plasma to penetrate the field: one is the hydromagnetic Taylor instability, ‘
which depends upon the deceleration of heaQy fluid by a light fluid, and‘the
second is an electron velocity.phase-space instability in which the electron
drift stream is unstable to the generation of plasma oscillations.

The hydromagnetic instability obviously takes place whenever the
detonation products density 1s greater than the field-plus-reoidual -plasma

density. As has been shown experimentally, [Dickinson et al., 1962], one

would expect this instability for the conditions of free expansion whenever

the field stress decellerate.s the detonation products. For the case of the
earth's field this occurs at R = 1000 krn and so does not affect the initial
question of coupling to the air. (It will of course, affect the final plasma be- -
havior that we will discuss la'te-r.) The cé.‘_se of coupling to a larger mass of
air should therefore be ’i“a.ylor stable. |

The sheath instability [Buneinan, to be published; Hartman and Sloan,

to be published; Shkarofsky, to be published ] takes place when the electron -
Larmor radius becomes equal to the Debye length by the gen‘eration of plasma

oscillations which allow the plasma to interpenetrate the field. However, this
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interpenetration can take place only at a rate given as.a maximum by Bohm

diffusion D, = ckTe/eB. Since this maximum diffusion corresponds to a

B
random walk step of a Larmor radius in a Larmor period (ions and electrons),
-then theb effective diffusion velocity must always be small compared to the
directed stream velocity. Consequ.ently, regardless of the instability a strong
momentumlinteraction:between the driving detonation products and the driven

air plasma will have taken place. The instability merely affects a major un-

settled problem concerning the shock structure [Gardner et al., 1958; Adlam

and Allan, 1958; Colgate, 1959; Auer, Hurwitz, and Kolb, 1961; Morawetz,
1962] namely, the immediate division of internal energy among electrons,
ions, and ion oscillations. For complete coupling, however, the strength of
this interaction requires.that either the stress is spread out by instability over
a distance laxfge compared to'X, or that the ambient magnetic field is com-
pressed to-a value so that its pressure equals the time rate of change of the

detonation products momenturmn. That is,

3,2
W, /8r b’ =B /8n (15)
B = 20 gauss.
max

This is not too large a compression, but a shock structure of such a high

Alfveén Mach number has not been derived on a self-consistent basis.

NEUTRAL STRESS MAGNETIC SHOCK

A more conservative picture of the magnetic shock interaction can be
formed based upon a time-~dependent ionization model similar to that formu-

lated by Gerry, Kantrowitz, and Petschek [Gerry, Kantrowitz, and Petschek,

1963]. In this model the ‘Eimewdependent ionization of the neutral fraction oc-

curring within the moving combined shocked plasma and magnetic field re-



UCRL-7224 Rev. II ~ -10-

sults in the primary momentum stress (Fig. 2). The effective shock thick-
ness .becomes .the ionization mean free path, wh.ich may be longer than the
instability wavelengths discussed previously. As a consequence the shorter
wavelength instabilities can be neglected, and the ionization mean free path
in the shocked plasma becomes .the critical parameter that determines
coupling. The ionization of the neutral air occurs by:

l. The X-ray pulse (Eq. (6) — the electrons from which may or may
not have reached equilibrium by the time of arlrival of the shock);

2. The electron ionization;

3. The charged-detonation—products ions -and shoeked-air ions.

Even assuming equilibrium following the X-ray pulse, this fractional
ionization is small compared to unity and so the p'rimary coupling must be

determined By 2 and 3. For electron.temperatures above 5 ev, the ionization

1

rate of air is approximately constant [Mott and Massey, 1949] (E_l"; ~ 3

X IQ-S ‘cm3/sec), and eo electrjon ionization should be irnqe'pendent of shoc‘k
veiecity for air densities where magneti.c shocks are important. Thé ioniza-
tion by partially stripped ions, on the o.th.er hand, is seneitively dependeri‘e
upon velocity. Choosing the. initiai detonation pr,odi;lct {r_elocity as the c;itical

velocity for coupling, then the equilibrium charge state must be determined

for the ionization rate. Kn1pp and Teller [Knipp and Teller, 1941] have

est1mated the effective charge of a h1gh z atom slowing down in a neutral gas
and have shown that capture and loss are in e’qu11.1br1um when Uy =V, /1.5,
where Ve is the bound orbital electron velocity. Choosing uO =3 X 108 crn/sec,
then the ionization energy corresponding to Ve = 4.5 X 108 cm/sec is 80 ev or
Zeff = 3.5.

The cross section for nitrogen ionization by an ion of charge Zeff and

velocity U, is
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-16 ,_, 2
o= 5X%X10 (‘Zeff)

. The detonation product density at a distance h is

= 7% 107 1% em?.

N M X 6.X 1023/K 4/3Trh~3. For M = 10° gram and A = 20,

D

Np

3% 10 Jec. ' ' (16)

Therefore the mean free path \ of a neutral air atom in the flux c‘>f detonation
préd@cts‘ becomes |
x = 1/N¢ - 5% 10® cm.
The electron density such that electron ionization will have contributed
equally to the ionization of thé air within the time of the passage of the detona-
tion products is:‘
9

n_=u, /$ A =2 X 10’ electrons/cc.” . (17)

In summary, a strong interaction between detonation products _and“ the
combined air and magnetic field is predicted for an ionization-type hydro-
magnetic shock where the shock thickness due to either ions or electron
ionization is large'énd comparable to the scale height of the atmosphere.
During the expansion phase such a large shock thickness should be stable un-
til the magnetic field stress reverses the expansion.

Since the ionization magnetic shock by debris ions becomes the dominant
‘shock mechanism above 350 km, it is pertinent to demonstrate that the high
d?bris charge state of 3.5 may ha;ve‘ had a chance to reach.and maintain
equilibrium before having expanded to a scale height in radius. It is evident
that a' free expa.nsic;n in a vacuum will permit the d,etonation\px;oducts. to cool
.by adiabatic expansion and radiation leading to recombination and a lowering
of charge state. Howeve'r, becauée of coll_isions Qvith aif molecules the
detonation products will be'heated,‘ but this heating is s.maill.compared to

"blackbody radiation (even at 1 é’v). : Consequently, it is only after the detonation
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products have expaﬁded to fhe point Where~ they are o;Stically thin, yet an air-
atom collision‘ri_ange t‘hick, that the temperature will rise and the chargé
state become high. Naturally, if the detonation ,pro&ucts are a collision
fange thick, there is more than ample time for charge equilibrium to be
reached. |

The range from.Eq. (11) becomes

N_R=5X 1(‘)17 atoms/.cmz : -

D
where
ND = detonation product atom density
R = radius of detonation products.

Solving for R analogously to Eq. (16) gives

_ 12
D= 5% 10" “/cc.

Using Eq. (8) for the resonant line emission power loss (an upper limit

R=1km, N

because of the available states and self-absorption) and assuming

n_ = 3.5 n, gives a power loss rate

Pag = 1012 ergs/cmz sec.
- The air density P, such that the collisional heating equals the power radiated
ch wlds R
Prad 7 Ma 'y ’/Z :
becomes

-14 g/cm3

. =6 X
Py 6 X 10
At lower air densities the balance will occur at a larger detonation product
radius since the heating rate decreases as l/ND for R> air atom range;
s 2 .

whereas the radiation decreases as l/ND . Consequently, over the air-

' -11 -15

2

p_ > 10 ) the detonation-product charge

density range of interest (10 > P, 2

state should be maintained at an equilibrium value of Z ~ 3.5 until slowed

down, -
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ELECTROSTATIC SHOCK INTERACTION

'

" The 'electrostatic shock dependls upon the growth of"’largeA-a.:mplitude
plasm; oscillations. and/or ion sound waves due to the two-stream intera‘étipn.
Buneman [Buneman_,.' :1959] has shown that the electron-ion two-stream in-
stability grows.to saturation in roughly 30 plasma periods. Saturation occurs
‘WheAn the electron stream kinetic energy is randomized by n;)nliriear effects
to a quasi'—the.rmal distribution. When the resulting electron’ thermal velocity
(veth) equals the relative stréam velocit.y,. iinear»uns_table grqwt_h stops. The
ion-wave instability as shown in deté.il by Stringer [Stringer, 1961] grows .pro-
vided the ion temperature ié small compared to the electron terhperéture
and provided.the electron thermal energy is less than the ion‘-stream enéféy,
On the other hand, the maximum ion wave amplitude (measured in enérg&) is
limited in linear theory to the electron temperature. The possibility of

further nonlinear instability growth has been investigated numerically by

‘Hartman and Colgate [Hartman and Colgate, 1962], and although large
amplitucie_ growthjhas been lconfi.rmed for electron ion mass ratios up.te.100,
some doubt exists for mass ratios as éreat as 105 for the present case.

//‘» Accepting,thé ‘more conéervative result of the saturation of the elecfron
instability at Veth_: Uy this 'giv-es a two-stream dynamic friction.that ‘will
maintain the .electréﬁ temperatures at m uOZ /2 = 50 ev. This magnitude of
the friction is then limited by the plasma radiation loss ra.te at 50 ev.

Equating .this loss rate to the detonation products energy input rate determines

a minimum density for interaction. From Eqgs. (8) and (9),

: no_Z T1/2 (kT/Zr‘n)Al/Z‘ o(hv)k ;‘WgO/Swh4 A (18)
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where
1/2 ~ . 8 _
(hv) = 10 ev, (kT/2m) =uy = 3X 10° ¢cm/sec, T = 50 ev, and
g = 10-16 cmz.
Then
n, =1.4X lolo/cc.

This is a stronger interaction than the electron Coulomb dynamic friction,

but certainly weaker than the magnetic shock.

ENERGY CONSERVING INTERACTION AND EXPANSION

The magnetic shock ensures strong interaction essentially independent
6f density, but the limit of free expansion behavior is determined by the radial
distribution of Eq. (5). Chodsing »M = 106 grams, and h = 50 km, then P min
becomes:

3

p =M/8xh” =3 X lO-mg/cc . (19)

min

orn,=1.25X 107_/cc.‘

0
Above this altitude free expansion takes place. Below this altitude the com-
bination of detonation products and heated air will expand upward at a velocity
given by Eq. (1) provided the resonant-line radiation coéling of the air behind
the shock justifies the approximation of a snowplow shock, that is, that the
internal energy is radiated away as fast as it forms. However, for densities

less than the limits . of Eq. (10), that is, 1010 < n, < 107/cc, the resonant

0
radiation loss very rapidly becomes negligible, because air atoms are stripped
of electrons below the lithium 3-electron configuration, and only levels of
large energy gap and small cross section remain. The radiation power loss

rate from air decreases by two orders of magnitude as the temperature in-

creases from 20 to 100 ev [Post, 1961], Consequently, in this intermediate
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density region the subsequent expansion of the high-temperature air plasma
‘controls the‘hydrodynamics more tHan the directed momeﬁtum of the detonation
products expansion.

In order for this 'bubble’' of high temperature plasma to expand up-
wards through'the remaining atmosphére, it must comprise a volume of
roughly-a cubic scale height, otherwise the mas s/c:m2 above will be greater
than that in the 'bubble', thereby limiting upward motion. The expansion
veiocity uéward is then sound speed Within the Bubble. Assuming a specific
heat pe.r electron of 3 to include the ﬁeat of ionizatio_n' and the radiatioﬁ during

ionization and a volume from Eq. (5), the expansion velocity ﬁex.beci(jmes
3 2 /5 -
24mph” (u__) /2 = w,

. 1/2
or u - =(Wt/121rph3) / cm/sec. (20)

ex

The bubble will cool by both radiation and expansion, but in general
once the temperature has run away above the resonant line-emission range,
the adiabatic cooling will dominate. As pointed out earlier, the subsequent
expanéion will be limited by the stress of the magnetic field at roughly- 1000

km for a megaton. Assuming a Y = 5/3 adiabat, the final temperature Tf be-

comes

3n k.T.ho =W (h/R)>(Y" D (21)

e f t

whcrc n =8.2n_ for T. >50 ev.

e 0 i .
Then

\ . 2
T, = Wt/25 n, k R” h. (22)

For R = 103 km, h = 50 km, Wt =] megaton, and

— d 10 o
T, =1.8X '10 !/no ev.
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~ When the bubble material is stdpped by the magnetic field, one would expect
" some heating 6f the electrons from the inelastic energy of the ions. The
‘fractional cooling to be expected within the time of interaction between the
bubble material and magnetic field (assuming Te lies within the resonance

radiation range) by adiabatic cooling is by Eq. (8):

. (h/R)3 n‘e U(ZKT<m)l/2 (‘hlvl)k R/uex

M u <
alr “ex

/2
_ 3 8
= n T/uex 1.6 X 10°. (23)

This fraction is small (~ 10—2) for the largest n, (~ 1010/cc), and so the
radiative cooling of the plasma after expansion is negligible. So also is the
heating for T> T . T is that electron temperature such that the

=~ “max max .
electrons can make one thermal exchange time with themselves within the
expansion time.
1,/ne gv = R/ucx

2 (24)

n_=n Tl/‘2 (h/R), ¢ = 6 X 10_13/T2 cm

0

<
f

= 5.5 X 1()7 Tl/2 crn/sec

T =0.3n /u ev.
0" "ex

When the adiabatic temperature of Eq. (22) exceeds the heating temperature
given by Eq. (24), then no further change should be efcpected. At n, = IOIO/cc

the electron temperature should stabilize at roughly 10 ev from both effects.

MAGNETIC FIELD LIMITED EXPANSION AND FINAL DEPOSITION

When the plasma of air and detonation products is stopped by the stress

of the magnetic field at a distance R, we expect a Rayleigh-Taylor unstable
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mixing between the two because: the density of the incident plasma is greater
than the ambient density (Fig. 3). The linear growth of a perturbation of

amplitude A .is [Dickinson et al., 1962]:

A = AO exp ‘[g,/Z-;T \) /2 t] (25)
where g is the acCéleration and \ the wavelength. For a linear deceleration

taking place in a distance R, the growth becomes:

A=A exp [R/AN]2. (26)

Only the nonline‘ar phase of instability growth (where.A > A/2) will irreversibly
mix thé- plasma with the field. Conscquently, if we wish to know the irre-
versible mixing of the plasma onto magnetic flux surfaces other than the one
defined by the explosion, we must ask what is.the largest wavelength that re-
quires the fewe;st generations of growth to reach an amplitude greater than
\/2. Ther-1, because of the faster growth rate of smaller wavelengths, all
' small;'\r wavelengths should have reached the noﬁlinear limit too.

For a rising bubble or jet of plasma of form approximated by Eq. (5)
the wavelength X\ = R/r has an amplitude of approximately \/2 so that during
deceleration by the field by Eq. (26) one generation further growth can take
place within the nonlinear limit. Therefore, the plasma should penetrate
the field with a mixing length R /x.

The subsequent motion of the plasma will beA an expansion albng the
lines of fo'rce, since in the parallel direction less stress is exerted by the
field; The principle direction of this expansion will be away from the he?ni-
spher;e of detonation because of the following stresses, all of which tend tc;
direct the plasma from a northern hemisphere exp1\c>sion towards a southern

hemisphere deposition:
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1. The verticle motion of initial expansion Eq. (5) has a component
of momentum along the field lines towards the far conjugate point.
2. The ambient field initially diverges in a direction towards the far
conjugate point. |
3. The distorted field diverges more strongly because of the 'line
tying' in the partiélly ionized atmosphere at the near conjugate
point.
For these reasons the plasma will travel along the lines of force until they
intersect the earth's atmosphere at the far conjugate point with a distribution
determined by the magnetic flux surfaces intersection with the earth. Since
we have already shown that due to the low dens;ty of the plasma at the time
of mixing the interaction should be energy-conserving, thc velocity along the

lines will be sound speed, namely, U,

DEPOSITION IN THE ATMOSPHERE AT THE CONJUGATE POINT

On intersection with the atmosphere at the conjugate pnint, the plasma
will have a width (longitude) as well as latitude determined by both the mixing
length R/m and the diamagnetic pressure. Since the plasma expands intn a
tube roughly 6000 km long, the radius for a pressure the same as the bubble
of R = 1000 km is also approximately 300 km. The altitude of deposition will
be determined by the electron dynamic friction and the nuclear Coulomb
scatter.ing. The impact .velocity Uy determines which of these two d;;namic
frictions will dominate. If the atmosphere is not heated by impact to a
temperature high enough so that the free electron density is comparable to the
nuclear density, then the electron dynamic friction becomes small for an
impact velocit;r 'such that the relative kinetic energy of an electron is less

than the binding energy in the atom, namely:
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'muz /2>7ev*
ex =
or

8 ' .
U > 1.5 X 10° em/sec. (27)

Below this velocity the bound-free electron dynamicvfriction becomes
small and so-the heating of the atmosphere is small until the nuclear scattering
beéomes large. By then the incident plasma is stopped andlthe question of
heating the atmosphere to ionization‘becomes unimportant. Only in.the
velocity range u & 1.5.X 108 does the question of heating become important.
The energy available is reduced to Wt/3 due to radiation loss during ioniza-
tion and recombination, and this energy is deposited over an area (R/3)2.
Assuming twice the ionization potential in electron volts is required to ienize
each atom because of radiation loss, the maximum density Nrnax that could

be ionized is:

2
hN__ 2F k= Wt/3(R/3) | (28)
for
E. =7 ev.
1 .
N = 1.2 X 109/cc. :
max :

This is too low a density to stop the plasma by electr_on free-free
dynamic friction by Eq. (11), | so the domir‘1antj stdpping,will be by bound-=free °
for u_. > 1.5.X 108 cm/sec apd by nuclear-Coulomb for u_ < 1.5.X 108.
The nuclear-Coulomb dynamic friction is given by Eq. (12)- on the basis that
both nuclei of a c'ollision are unscreened by bound electrons. This is the

1
case if the impact parameter (o/r) /2 is small compared to the orbit of the

k-shell electron.
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- The minimum incident energy for which Eq. (12) is valid is determined

’by
41re4 _ _Anrx e4 Z4£nA (29)
(RyP°z%k%) K% (M_. vl /2)% |
Y air “ex
where Ry = Rydberg constant = 13 ev
and ; tnA=10
giving A
Mu® /2 =13 kev.
exp

At lower incident energies the term that sums the multiple scattering
(¢n/f\) approaches unity and the cross section approaches the classical
JRutherford cross section ét M ujx /2 = 4 kev. Therefore an approximately
constant stopping cross section of ¢ = 1.5X 10.17 cm2 can be given for the
energy range 4 < MuZ/Z < 13 kev. This corresponds to deposition at an
altitude of 250 km. |

Since for the very much higher energy region the bound-free dynamic
friction should stop the incident plasma at the same altitude (Eq. (11);
uexp = uO/Z), we can feel reasonably confident of a deposition height of 250

km. The distribution according to magnetic flux surface should therefore be

compared to the earth's field at this altitude.

MAGNETIC FIELD CR.ADIENT DRIFT

In addition to the spreading in flux surface due to the Taylor instability ‘
~ mixing, there will also be a drift in longitude due to finite Larmor orbit drift
-in the gradient of the magnetic field. This depends upon the following

parameters and assumptions:
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1. The regior; of most effective field gradient may be 't'hel small region
of high gradient in the initial .f,iéld distortion or the dipole gradient effective
during the transit to 'the conjugate point.

2. The transverse electric field established ‘by charge separation may,
or may not dominate the VB drift.

3. The transverse ion velocity gnd equilibrium charg;e state effect both
the' E X B and VB drift. |

Unfortunately, both regions of‘ field — the distortion loqp and dipole
gradient — are ef_féctive in producing drift withjthe greatest uncertainty con-

cerning the detailed loop shape and gradients. In addition the relative im-

portance of the electron stress versus ion stress in the ﬁormation of the VBZ
of the loop is-dependent upon a detailed knowledge of the nonlinear-instability
mixing behavior. If the interaction boundary is a stable 'M' layer és al-
ready discussed, then the ion stress is balaﬁced by an electric field from
charge separation and only the electrons drift transverse .to .the magnétic :
field. On the other hand, if the layer is unstable, the stress will be divided .
according to the respective temperatures — which in turn are dependent upon
the form of instability.

The drift in the dipole field and in the distortion loop will be calculated

on the a priori assumptions:

|
\

(1) The electron temperatur.e is determined by the linear processes

only and will be taken as 10 ev from Eq. (24) for the limited initial density

region 109< ny < ‘1010.

(2) The ion transverse velocity in the earth's ficld is the expansion

velocity u
€ex
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For these assumptions the drift velocity Vb becomes

v = u

D ox TL VB /B

ion Larmor radius = Mu__ /Z B, (30)
ex’ e

'L

The charge state Z is determined by the recombination ra.te_ in the
expanded plasma at the density n, (h/R)3 and Te ~ 10 ev. This rate (for
3-electron configurations) is given by Post [_F_’o_s_t, 1961] as
08x lo'lé’ziff

ka(y) (31)

T3./2.
e

noev.=n

where k3(y) will be close to unity for kT;e << E,, the ionization potential of.
the state Zeff'

For a recombination time of 1 sec,

' 3,1/4
= 1.7 X
Zggp = 17X 10 /n
for T = 10 ev
e

giving Z(—\,ff x 100,

This means that for the densify range considered, radiative recombination

is much too slow a process to occur within the available transit time of the
plasma. Consequiently, the charge state will be determined by the ma;cirnum
charge stripped sta.tve dufing the initial detonation products-air interaction.
This in turn depends upon the runaway electron terhperature in this regipn -
and therefore upon the form of the interaction. l';rorn Eqgs. (9) and (10) we
will assume the air has been completely stripped to a mean charge of 7. The
subsequent charge exchange with neutral air atoms in traversing a distance
of the. earth's radius at an ambient density of 104/cc is small. From Mott

and Massey [Mott'and Massey, 1949 ]

- 2
g =10 16 (u /2.5 X 108) whereu < 2.5X 108 cm/sec. (32)
ex ' ex_
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6 is less.than

The fraction charge exchange to Z

f<ne L=6X 1074

8

(L = earth's radius = 6. X 10~ cm)

and so is negligiblé.
The Larmor radius th‘en becomes
4

r. =5.3% 10'4/]3 u =7X10 " u cm in earth's field.
L ] ex ex

To calculate the drift in the earth's field the dipole field gradient is
VB/B = 3/L
so that the drift velocity becomes:

2 -12
vVp T uex 3.5X 10 cm/sec,

-and the drift D becomes

) -3 |
D= Lvp/u__=2X%10 u__cm. . (33)

Some fraction of the detonation products as a precursor may not have been
subjected to the runaway temperature region of the mean interaction and so
may have a much lower state of ionization. Choosing the extreme of charge
one for a fission product the drift becomes

D=10"4u cm. o (34)

ex
This distance is smaller than the mixing length spread provided u_. < U,
and so should ﬁot be observable. |

The drift in the formation of the distortion loop may be considerably

larger. Again assuming the stress oﬁ the field is created by the ions, then
the logarithmic gradient of the field should be roughly.the ion Larmor radius
~for a length Aof time corresponding to the intermixing of plasma an'd field.
" Since the drift velocity becomes roughly half the incident velocity U and

the period of drift is R/m u the total drift becomes.

D ~ R/2n. ' A ' ' (35)
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BETA INJECTION FROM RADIOACTIVE DEBRIS

The injection of energétic electrons from the g decay of the radio-
active debris should occur during.fhe transit of the debris to the conjugate
point. Only the decay after the unstable mixing of t'he plasma and field should
permit injection onto flux surfaces other than the Qne/intersecting;the detona-
tion point. Since the time to reach tﬁe unstable mixing cqndition R/ueX is in
general shorter (< l sec) than the major fraction of the § decay (~ 3 'sec), and
the flight time to the conjugate point langer than 5 secondo;. then mast of Lhe
decay B's will be injected into flux surfaces above tl;le atmosphere. However, .
oniy those flux suffaces'fhat do not intersect the earth's atmosphere for a
reasonable mirror ratio will show long B lifetime. This minimum L surface
[McOwain, 1961] is approximately L = 1.3 so that only that fraction of the |
debris reaching this L surface and above:by unstable mixing should contribute

to the long-lifetime B -injection.

NEUTRAL AND'SINGLE—CHARGED DETONATION PRODUCT BEHAVIOR

The considerations so far have-been;.‘f‘or an average behavior and only
the dominant interactions have been con;idered. It is evident, however, that
the charge state will ﬂucfuate and the effects of a statistically small fraction
| may be important. In particular, the singly-charged high energy tail of th"‘e
detonation .products may drive the m.agnetic field and partially (X-f.ay) ionized
air away from the remaining neutral fraction befo.ré ionization is complete,
and secondly, a small fraction of the debris neutralized by c};a.rge exchange
will expand across the field lines to give B-decay injection at higher L values

than wouid be reached by the Taylor iﬁstability mixing.

LT
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BETA INJECTION BY NEUTRAL DEBRIS

The frac;cion of the debris ti;at escapes as neutral atoms should be -
generated predominantly by the slow‘e,r moving deBris that expands upward
after intersecting with the air. The highef velocity precursor debris has a
smalle; probaﬁility for escaping as neutrals. The cAr‘oss section forpickup-

. from neutral air is [Mott and Massey, 1949]

8\2

. =15 (10 2 8
T = 10 (u ) cm  for uexz 10° cm/sec (36)
ex :
= 10" 15 cm2 foru < 108. ’
ex —

On the other hand, the air through which the debris is rising and expanding
will be ioniz'ed by‘ the debris. Only tha,-tl density region which is not fully
ionized by the expandiﬁg 'debris will contribute to the char'ge neutralization. .
Assuming the debrié temperature during this phase of expansion is greater
than 5 ev, the ionization rate will be temperature-independent and the ex-
panded density determines when the furtiler ionization of ambient neutrals

is unlikely. This.density is determined by |

n TV =u /h, ' (37)

e i “ex
giving
n =5u
e ex

The expansion of the plasma at initial density 6 n, to the density n,

takes place in a distance r into a solid angle of 1 radian such that:
] /3 .
r=h(3 X6n,/5u_) (38)

and the ambient neutral density becomes:

-

Nn =n, exp |:(4 no/uex)l/:j. (39)



UCRL-7224 Rev. II _ -26-

The ngutra,l ffaction becomes ‘
f= NI1 "o h ' (4oA)
= 5% 10“9 n, exp I:—(4 ng /gex)l 3Jfor G‘ex < 108.

This is a major fracfién only for n, = 108, or an altitudc greater than 5‘50 km.

The B injection from this neufralized debris will occur according to
the usual t 1.2 power law for fission product decay. It should be noted that
for fairlyllow”altitude detonations where U is very small (Eq. (20})) — of the
order 106 cm/sec'—‘_neutralization will take place by recombination within
the expanding bubble. This debris will be rising slowly so that both g de.cay
and sunlight will cause reioﬁization. The decay spectrum will change within
this time to give a different injection spectrum as a function of L value. ‘In
addition, a significant change in the trapped B spéctrum should be observed
for flux surfaces reached in.times of the order of an hour, and the g velocity
distribution function at the ;equa.tor will depend upon the debris reaching |

their corresponding geopotential.

AURORAL EFFECTS

.The deposition of the detonation products and aif plasma at the far
conjugate point.will heat up the air in which it is deposited, causing thg air
to expand upward and intersecting some of the trapped p-decay electfons.
The optical pattern will correspond to the illumination of the flux surfaces
on which high-energy electrons are trapped and hence to-the gradient field
drift separated cha.rge state of the B-decaying debris.

As previously discussed, the heating takes place at 250 km, depositing
W, electron volts per atom during the transit time of the plasma. This

D

energy is:



——
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s

W, = W,/3N, =4 x 10%2/3 n(R/3)° nk o » (41)

10

for R/3 = 300 km, n=2X 100 and

k =1.6X 10-12 ergs/ev,

then W_ =40 ev/atom.

D
The transit time is so long,‘ however, (up to tens of seconds) that this energy
will be almost entirely radiated away as it is deposited. The residual

temperature will thelrefore be determined by the radiation properties of the .

air — which becomes transparent at roughly 1/2-ev temperature. The

~vertical expansioen velocity corresponding to twice sound speed at this.tempera-

ture will be approximately 3 X 105 cm/sec, permitting the air to reach 500
toe 1000 km. altitude in several minutes. The optical radiation c;orrespond,s"
to the excitation of the air with approximately 10% fluorescent efficiency for

an energy deposition rate corresponding to the usual minimum ionization

rate of 2 ‘I\/I'e‘v”/g/érr:'lz.

The B-decay electron density for uniform phase-space injection into a
magnetic tube of force 300 km wide and 6000 km long for an injection time

longer than 5 seconds becomes:

n =W _/E_ Vol =2.5% 10° electron/cc - (42)
B8 ‘ ~
where
W.[3 = B-decay energy = 0.05 Wt'
Eﬁ = mean (3 energy = 1 Mev, and

Vol = Volume of flux tube.

The radiated energy loss rate then becomes

Eg = cngp X 2 X 10% = 107 args/ec - sec | 43)
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where c = electron velocity

p =idensity after 10-fold expansion

5x 107 1% g/cc

fluorescent efficiency =~ 10%.
" The total optical brightness Br for a transparent thickness of 300 km

-becomes

Br = 3.X 107 Er = 30 erg/cmz' - sec. (44)

The heating rate of the air is ten-fold bigger than Eq. (43) and corresponds

' 'to 1 e\; pef atom during the 100 seconds of expansion. This is enough to
enhance the exéansion so that some air would Be expected to io'nize and expand
baclk .along the lines of force from both conjuga;.te regions.to meet at the
equator. - Th,e energy loss rate per electron is 2000 ev/sec, but during the
available time befpre the gradient field drift carries the electrons eastward
t‘he fi'actional energy loss is small. The energy loss ncenrs for a time:

T = ('R/3)‘/VD = 30 sec where

VD = ‘106 cm/sce from Eq. (27) for a 1-Mev electron

so-that only the low energy electrons with larger energy loss rate and slower

drift will be lost in the r'isi'ng air mass.
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Fizg. 1. The time sequence of the expansion of detonation products in a stratified atmosphere is

reprzsented by the approximate snowplow shock contour. The air and detonation products in this case

are considered nzsutral and only subsequent fission decay gives debris

interacting with magnetic field.
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Fig. 2. Zonization magnetic shock (moving frame).
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B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method or process dis-
closed in this report.

As used in the above, " person acting on behalf of the Commission "

includes any employee or contractor of the commission, or employee of such
contractor, to the extent that such employee or contractor of the Commission,
or employee of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract with the Commis-
sion, or his employment with such contractor.






